Blum AE, Joseph SM, Przybylski RJ, Dubyak GR. Rho-family GTPases modulate Ca 2ϩ -dependent ATP release from astrocytes. Am J Physiol Cell Physiol 295: C231-C241, 2008. First published May 21, 2008 doi:10.1152/ajpcell.00175.2008.-Previously, we reported that activation of G protein-coupled receptors (GPCR) in 1321N1 human astrocytoma cells elicits a rapid release of ATP that is partially dependent on a G q/phophospholipase C (PLC)/Ca 2ϩ mobilization signaling cascade. In this study we assessed the role of Rho-family GTPase signaling as an additional pathway for the regulation of ATP release in response to activation of protease-activated receptor-1 (PAR1), lysophosphatidic acid receptor (LPAR), and M3-muscarinic (M3R) GPCRs. Thrombin (or other PAR1 peptide agonists), LPA, and carbachol triggered quantitatively similar Ca 2ϩ mobilization responses, but only thrombin and LPA caused rapid accumulation of active GTP-bound Rho. The ability to elicit Rho activation correlated with the markedly higher efficacy of thrombin and LPA, relative to carbachol, as ATP secretagogues. Clostridium difficile toxin B and Clostridium botulinum C3 exoenzyme, which inhibit Rho-GTPases, attenuated the thrombin-and LPA-stimulated ATP release but did not decrease carbachol-stimulated release. Thus the ability of certain G q-coupled receptors to additionally stimulate Rho-GTPases acts to strongly potentiate a Ca 2ϩ -activated ATP release pathway. However, pharmacological inhibition of Rho kinase I/II or myosin light chain kinase did not attenuate ATP release. PAR1-induced ATP release was also reduced twofold by brefeldin treatment suggesting the possible mobilization of Golgi-derived, ATP-containing secretory vesicles. ATP release was also markedly repressed by the gap junction channel inhibitor carbenoxolone in the absence of any obvious thrombin-induced change in membrane permeability indicative of hemichannel gating. Rho GTPase; astrocyte; hemichannel EXTRACELLULAR NUCLEOTIDES act as autocrine/paracrine signaling molecules by targeting multiple P2 purinergic receptor subtypes that are differentially expressed in most tissues (7). Cells are able to tightly regulate the concentration of ATP and other nucleotides in the extracelluar space through a balance of release and extracellular metabolism of these nucleotides. The four sources of extracellular nucleotides are cell lysis, exocytosis, transport-mediated ATP release, and extracellular nucleotide kinases. In nonexcitable cells, such as astrocytes, unequivocal determination of ATP release mechanisms has remained elusive.
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In the brain, ATP can be released by astrocytes, or by other glial cell types, in response to diverse metabolic, mechanical, or inflammatory stimuli (8, 9) . Extracellular ATP can target glia and neurons, as well as the smooth muscle cells and endothelial cells that populate cerebrovascular interfaces (1, 21, 32) . Although purinergic signaling is an important element of the communication network between astrocytes and surrounding cells, the signaling events upstream of ATP release, as well as the actual conduits or pathways for the export of ATP, have not been clearly established. Studies of regulated ATP release in different astrocyte models have implicated either channel-mediated efflux of cytosolic ATP or exocytosis of vesicles/organelles containing compartmentalized ATP as predominant pathways for the export of intracellular ATP pools. Support for exocytotic models of ATP release has largely been predicated on the inhibitory actions of various reagents, such as brefeldin A, tetanus toxins, or dominantnegative soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE) proteins that target particular steps in the standard Golgi 3 transport vesicle 3 vesicle/plasma membrane fusion trafficking pathways, as reviewed in Ref. 19 . Secretory lysosomes have been recently proposed as a source of releasable ATP from astrocytes based on the ability of glycylphenylalanine 2-napthylamide (GPN), a substrate for lysosomal cathepsin C, to coordinately collapse lysosome integrity and repress the ATP release stimulated by metabolic stress or glutamate receptor activation (63) . Studies of conductive pathways have predominantly focused on nonjunctional "gap-junction hemichannels" composed of connexin or pannexin subunits that may act as conduits for stimulated ATP efflux from astrocytes (57) and other cell types (20, 22, 23, 40, 41, 64) . Support for this mode of ATP release has been based in part on the inhibitory actions of pharmacological agents, such as glycerrhetinic acid or carbenoxolone (CBX), known to target gap-junction channels. Although CBX was first characterized as an inhibitor of 11-␤-hydroxysteroid dehydrogenase, it has also been used extensively to inhibit the activity of intercellular gap-junction channels and gap-junction hemichannels (18) .
Regardless of whether channel-mediated efflux or vesicle exocytosis comprises the predominant ATP release mechanism, most (14, 15, 17, 33, 43, 44, 50, 63) , but not all (62) , studies have identified elevation of cytosolic Ca 2ϩ as an important regulator of nucleotide export in the different astrocyte model systems. In this regard, we have previously reported that elevated cytosolic Ca 2ϩ plays a critical role in the ATP release elicited by stimulation of protease-activated receptor 1 (PAR1) or M3-muscarinic (M3R) GPCR in the 1321N1 human astrocytoma cell line. PAR1 stimulation-induced ATP release was consistently approximately fourfold higher than that induced by M3R stimulation despite equivalent Ca 2ϩ mobilization responses to either receptor. Experiments with BAPTA-loaded cells revealed that M3R-induced ATP release was entirely dependent on elevation of cytosolic Ca 2ϩ , whereas the PAR1-triggered ATP accumulation involved an additional Ca 2ϩ -independent component (33) . Brown and colleagues (3, 39, 49) have demonstrated that while PAR1 and M3R both activate G q in 1321N1 cells, only PAR1 additionally couples to G 12/13 to regulate Rho signaling. Rho activation and other changes in cytoskeletal organization have been implicated in the activation or modulation of ATP release in other model systems (16, 25, 28, 37) . Therefore, we hypothesized that Rho activation and subsequent Rho kinase (ROCK) signaling may synergize with Ca 2ϩ mobilization to increase GPCR-dependent ATP release. We used Clostridium difficile Toxin B (ToxB) and Clostridium botulinum Toxin C3 (C3) to demonstrate that Rho family GTPases potentiate Ca 2ϩ -dependent ATP release from 1321N1 human astrocytoma cells via a ROCK-independent signaling pathway. Experiments with brefeldin-treated cells suggest that this Rho-sensitive pathway may involve, in part, the mobilization of Golgi-derived, ATPcontaining secretory vesicles. We also observed that CBX suppresses GPCR-stimulated ATP release in the absence of any obvious changes in membrane permeability indicative of hemichannel gating.
METHODS
Reagents. Carbachol, lysophosphatidic acid (LPA), thrombin, ␤␥-methylene ATP (␤␥-meATP), and lyophilized firefly luciferase ATP assay mix (FL-AAM, LUC) containing luciferase, luciferin, MgSO4, dithiothreitol, EDTA, bovine serum albumin (BSA), and Tricine buffer were from Sigma-Aldrich. Thrombin receptor activating peptide (SFLLRD-TRAP) was synthesized by SynPep. The cytosolic [Ca 2ϩ ]-buffering agent BAPTA-AM was obtained from Molecular Probes. Wild-type 1321N1 human astrocytoma cells were obtained from Drs. Ken Harden and Jose Boyer (University of North CarolinaChapel Hill). Purified ToxB was obtained from the Tech Laboratory diagnostic test kit. C3 exoenzyme, the RhoA-"G-LISA" kit, and F-Actin Visualization kit were from Cytoskeleton. A cDNA construct of the fusion protein glutathione S-transferase-rhotekin Rho-binding domain (GST-TRBD) was kindly provided by Dr. Martin Schwartz (University of Virginia). Rabbit polyclonal antibody to RhoA (sc-119) was obtained from Santa Cruz.
Cell culture. 1321N1 human astrocytes were maintained in Dulbecco's minimal essential medium (DMEM) containing 10% ironsupplemented bovine calf serum (Hyclone), penicillin (100 U/ml), and streptomycin (100 g/ml). For all luciferase-based and Rho activation experiments, 1321N1 cells were seeded on 35-mm dishes (Falcon) at 3 ϫ 10 5 cells per dish, or cells were seeded on 24-well plates at a density of 4 ϫ 10 4 cells per well. All experiments were conducted using confluent cell monolayers cultured for 5 to 7 days postplating followed by serum starvation for 16 to 24 h before analysis of ATP release. Serum-free DMEM contained 0.1% BSA, penicillin (100 U/ml), and streptomycin (100 g/ml).
Clostridial toxin loading. Confluent 1321N1 cell monolayers were treated with a 1:50 dilution of purified ToxB (TechLab) for 3 h at 37°C until significant (Ͼ95%) cell rounding was observed (see Fig.  2B ). Alternatively, cell monolayers were treated with 2 g/ml of cell-permeant C3 exoenzyme for 6 h, which did not cause cell rounding (see Fig. 2C ).
RhoA-GTP-Rhotekin pull-down assay. GST-TRBD protein was expressed (in E. coli BL21 strain) and purified using previously described protocols except that 200 g/ml lysozyme was added before sonication of the bacteria (51) . The effects of ToxB on Rho signaling were studied in parallel matched samples of untreated versus ToxBloaded 1321N1 cells and analyzed by RhoA-GTP-Rhotekin pull-down assays. Briefly, a 5 ϫ Mg 2ϩ lysis buffer (MLB) was made containing 125 mM HEPES, pH 7.5, 750 mM NaCl, 5% Nonidet P40, 50 mM MgCl 2, 5 mM EDTA, and 10% glycerol. Confluent 35-mm dishes of serum-starved 1321N1 cells pretreated for 3 h with or without ToxB were washed twice and bathed in 1 ml basal saline solution (BSS) containing: 130 mM NaCl, 5 mM KCl, 1.5 mM CaCl 2, 1 mM MgCl2, 25 mM HEPES (pH 7.5), 5 mM glucose, and 0.1% BSA. The cells were equilibrated at room temperature (22-25°C) for ϳ45 min before being treated with 3 M TRAP, 100 M carbachol, or 10 M LPA for 2 min. The BSS was aspirated, and the cells were lysed and scraped on ice in 1 ml of MLB (plus protease inhibitors). The lysates were then clarified at 14,000 rpm for 5 min at 4°C. Untreated control samples were separated into 2 ϫ 0.5 ml aliquots on ice. For the GTP␥S control, one of these aliquots was treated with 10 l of 0.5 mM EDTA to chelate Mg 2ϩ ions. After addition of 10 M GTP␥S, this lysate sample was subsequently incubated at room temperature for 30 min. The reaction was stopped by addition of 32 l of 1.0 M MgCl 2, and the GTP-loading control was run to verify pull down of activated RhoA (data not shown). Along with this positive control, the rest of the samples were aliquoted in 0.5 ml cleared lysate/tube. To each sample ϳ30 g of freshly thawed GST-TRBD-bead slurry was added, and the reaction mixtures were rotated for 45 min at 4°C. The beads were washed three times with 0.5 ml MLB, and the slurries were resuspended in 40 l 2 ϫ Laemmli buffer, boiled for 5 min, and then treated with 2 l of 1.0 M DTT (to ensure dissociation of bound Rho-GTP from the GSH-beads). Standard Western blot analysis techniques were then used to probe for activated RhoA using 1:200 rabbit polyclonal anti-RhoA antibody (Santa Cruz). This antibody also recognizes RhoB in loading controls (whole cell lysates), but only RhoA binds to the Rhotekin protein.
ELISA-based RhoA activation assay. RhoA activity was determined in whole cell lysates prepared from monolayers of 1321N1 cells using the absorbance based G-LISA RhoA activation assay kit (Cytoskeleton) according to the manufacturer's instructions. After 2 min of stimulation with 2 U/ml thrombin, cells were lysed using the supplied cell lysis buffer. Lysates were clarified by centrifugation at 10,000 rpm at 4°C for 2 min. One portion of the lysate was used for quantification of protein concentration and the other portion was used for Rho G-LISA assay. The lysate used in the Rho G-LISA assay was snap frozen in liquid nitrogen as soon as possible after cell lysis to prevent GTP hydrolysis by the extracted Rho. After protein quantification, the frozen aliquots of cell lysate were rapidly thawed, and 0.75 mg/ml protein was used in each well of the supplied 96-well plate. All subsequent incubation and detection followed the instructions provided by the manufacturer.
Measurement and buffering of cytosolic Ca 2ϩ . Receptor-triggered elevations in cytosolic [Ca 2ϩ ] were assayed using fura 2 fluoresecence measurements as previously described (33) . Briefly, serum-starved 1321N1 cell monolayers on 10-cm plates were trypsinized and resuspended in BSS and loaded with 1 M fura2-AM at room temperature (20°C) for 1 h. The washed cells were then assayed for fura 2 fluorescence (339-nm excitation and 500-nm emission) in the presence of 300 M ␤␥-meATP, 3 M TRAP, 100 M carbachol, or 10 M LPA. The role of cytosolic [Ca 2ϩ ] in stimulated ATP release was studied using 1321N1 cell monolayers loaded with the cell-permeable Ca 2ϩ chelator 1,2-bis (2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetrakis acetoxymethyl ester (BAPTA-AM) as previously described (33) .
On-line luciferase-based ATP assay. Serum-starved 1321N1 astrocytes were prepared for ATP release assays as described previously (33, 34) . Briefly, serum-starved 1321N1 cell monolayers were washed twice and bathed in 1 ml BSS. The washed monolayers were then incubated for ϳ45 min at room temperature before experimental manipulation. Soluble FL-AAM (Sigma) was reconstituted with 5 ml of sterile filtered water and stored in frozen 500-l aliquots. For experiments, aliquots of FLAAM were thawed at room temperature and diluted 1:25 (40 l) into the 35-mm dishes before start of luminescence recordings. All extracellular ATP measurements were recorded using a Turner Designs (TD 20/20) luminometer that accommodates 35-mm culture dishes. ATP-dependent changes in extracellular luciferase activity were measured as relative luminescence unit (RLU) values integrated over 5-s photon counting periods. For all experiments, the luciferase activity was recorded every 2-min for up to 30 min. Calibration curves were generated for each experiment using cell-free dishes pulsed with increasing concentrations of ATP standards. The limit of ATP detection was 100 fmol per 1 ml assay volume and luminescence was linear with increasing ATP concentration up to 1,000 nM. After luciferase activity reached steady state, 1321N1 monolayers were treated for up to 15 min with 2 U/ml of thrombin, 3 M of SFLLRD-TRAP, 100 M carbachol, or 10 M LPA. The ecto-ATPase inhibitor ␤␥-meATP (300 M) was added either simultaneously with agonist or 15 min before agonist addition. Luciferase activity was recorded every 2 min during the stimulation period, and every addition to the 1-ml ATP assay volumes was made using 100-to 1,000-fold concentrated stocks of the various test reagents. At the end of each experiment, cell monolayers were permeabilized using digitonin (50 g/ml), and the peak concentrations of digitonin-releasable ATP were averaged in matched dishes.
Off-line luciferase-based ATP assay. Serum-starved 1321N1 cell monolayers in 24-well plates were washed twice and bathed in a final assay volume of 300 l basal saline solution (BSS) for ϳ60 min at room temperature before experimental manipulation. All subsequent additions to the sample resulted in less than 1% total change in volume. After addition of agonist, cells were incubated at room temperature for 15 min. Samples of extracellular media (50 l) were carefully removed at designated times and boiled immediately for 5 min. After a brief (2 min, 1,000 g) centrifugation step to clarify the samples, ATP content was quantified using a Turner Designs (TD 20/20) luminometer. For all measurements, 25 l of sample was added to a mix of 4 l of FLAAM and 71 l of BSS. The final volume was 100 l with a 1:25 dilution of FLAAM. The solution was added to a 12 mm ϫ 50 mm disposable plastic cuvette (Promega, Madison WI), and RLU values were integrated over 5-s photon counting periods.
Ethidium influx as assay of hemichannel activity. Effects of PAR1 activation on hemichannel activity was assayed using ethidium dye influx as described previously (31) . Briefly, trypsinized, suspended 1321N1 cells were assayed in a stirred cuvette at 37°C at a concentration of 5 ϫ 10 5 cells/ml. Ethidium bromide (20 M) was added and fluorescence was measured at 360 nm excitation/575 nm emission before and after stimulation with thrombin (2 U/ml); experiments were terminated by addition of digitonin (50 g/ml) to permeabilize the cells to permit maximum binding of ethidium to cellular nucleic acids.
Data evaluation. Relative luminescence unit (RLU) recordings were downloaded into Microsoft Excel using the Turner Designs spreadsheet interface software (version 2.0.1, Sunnyvale, CA). RLU values were converted to ATP concentrations using calibration curves generated with each experiment. OD 490 absorbance values of GTPbound RhoA were recorded using a (Molecular devices) SpectraMax 340 96-well plate reader. Measured values were normalized to untreated control cells. (GraphPad) Prism 3.0 software was used to compute the means and SE as well as generate graphs of the calculated ATP levels and relative GTP-bound RhoA from identical, independent experiments. Some figures were also generated using Adobe Illustrator 7.0 and Microsoft PowerPoint software. For statistical analysis of data the two-tailed Student's t-test was used to evaluate differences between means Ϯ SE. [Ca 2ϩ ] or ToxB inhibition of Rho family GTPases. PAR1 activation by either 3 M TRAP or 2 U/ml thrombin elicits a rapid ATP release from 1321N1 astrocytes that is markedly attenuated by BAPTA-buffering of cytosolic Ca 2ϩ increases as described in our previous report 33 ( Fig. 1, A and B) . To detect steady-state increases in extracellular ATP in this model it is necessary to include ␤␥-MeATP, which suppresses the rapid clearance of released ATP by the predominant ectoATPase expressed on 1321N1 astrocytes (34) . PAR1-induced ATP release was also reduced (50 -75%) when these cells were pretreated with Clostridial difficile ToxB for 3 h. (Figs. 1, A and B, and 2C). ToxB catalyzes the transfer of the glucosyl moiety from UDP-glucose to conserved threonine residues in the effector targeting domains of RhoA, Rac, and Cdc42 and renders all of these Rho family GTPases functionally inactive (2) . The observed inhibitory action of ToxB suggests that Rho family GTPases can synergize with elevated Ca 2ϩ to potentiate ATP release in this astrocyte model system.
RESULTS

PAR1-activated ATP release is suppressed by BAPTA-buffering of cytosolic
To verify that PAR1 stimulation elicits a ToxB-sensitive activation of Rho family GTPases, control or ToxB-treated 1321N1 cells were stimulated with TRAP for 2 min before lysis and analysis by a Rhotekin-based RhoA-GTP pull-down assay. ToxB treatment effectively reduced the basal RhoA-GTP content and strongly suppressed the robust TRAP-activated increase in RhoA-GTP levels observed in control cells (Fig. 1C) . Use of a quantitative ELISA-based protocol to quantify RhoA-GTP content similarly indicated that PAR activation triggered a 3.2-fold increase in Rho-GTP, which was reduced by Ͼ85% in ToxB-treated cells (Fig. 2B) . In contrast, ToxB treatment had no effect on the TRAP-stimulated elevation in cytosolic Ca 2ϩ concentrations (Fig. 1D) . Therefore, the PAR1-mediated signal transduction pathways leading to ATP release involve both Rho family GTPase activation and Ca 2ϩ mobilization. Moreover, suppression of Rho family GTPases does not attenuate Ca 2ϩ mobilization, indicating that these responses comprise parallel signaling pathways that converge on the ATP release process.
ToxB-treated monolayers were characterized by elevated basal levels of extracellular ATP (relative to control cells) when assayed by the on-line luciferase assay (Fig. 1, A and B) but not the off-line ATP measurements (Fig. 2C) . We speculate that this may be due to the repeated movement of the culture dishes into and out of the luminometer chamber in the former, but not latter, protocol. This repeated movement may induce mechanical stimulation-dependent ATP release due to enhanced effects of fluid shear on the rounded-up cells that characterize the ToxB-treated cultures ( Fig. 2A) .
Increased Rho-GTP accumulation but not Rho-kinase activity is correlated with thrombin-induced ATP release. Because ToxB glucosylates and inhibits the Rho, Rac, and Cdc42 members of the Rho-GTPase family, use of this reagent does not reveal which particular member(s) of this small GTPase family regulates the ATP release response elicited by PAR1 agonists. Clostridial botulinum C3 toxin is a mono-ADPribosyl transferase that selectively inhibits RhoA, RhoB, and RhoC by covalently modifying the N-41 residue of these proteins, preventing nucleotide exchange (61) . We used a membrane-permeable version of C3 toxin to test whether Rho subtype GTPases, in particular, are involved in ATP release. Although ToxB treatment for 3 h caused uniform rounding of adherent 1321N1 human astrocytes, a 6-h preincubation with 2 g/ml C3 minimally affected cell shape ( Fig. 2A) . However, this C3 treatment produced a 75% decrease in thrombin-stimulated Rho-GTP accumulation (Fig. 2B) , which was comparable to the 85% reduction produced by ToxB. The C3-induced decrease in Rho activation was correlated with a 57% decrease in thrombin-triggered ATP release (Fig. 2C) ; this compared with the 75% decrease observed in ToxB-treated cells assayed under identical conditions. Thus C3 is only marginally less efficacious than ToxB as an inhibitor of ATP release despite the ability of ToxB to additionally target Rac and Cdc42. This indicates that the inhibitory effects of ToxB on stimulated ATP release predominantly reflect the inactivation of Rho-dependent signals. On-line ATP measurements were made every 2 min after addition of 3 M thrombin receptor-activating peptide (TRAP) in combination with 300 M ␤␥-methylene ATP (meATP) for 12 min and measured extracellular ATP concentration was measured via an on-line luciferin-luciferase assay. Data represent means Ϯ SE of 3 independent experiments each performed in triplicate. *P Ͻ 0.05 vs. TRAP-treated control. **P Ͻ 0.01 vs. TRAP-treated control. The differences between the control and the treated groups were significant at the indicated P values from the t ϭ 2-min through t ϭ 12-min time points. B: 1321N1 cells were treated with 300 M ␤␥-meATP for 12 min followed by 2 U/ml thrombin for 14 min. Extracellular ATP concentration was measured via an on-line luciferin-luciferase assay. Data represent means Ϯ SE of 3 independent experiments performed in triplicate. *P Ͻ 0.05 vs. thrombin-treated control. #P Ͻ 0.08 vs. thrombin-treated control. The differences between the control and the treated groups were significant (P Ͻ 0.05) from the t ϭ 4-min through t ϭ 12-min time points. C: stimulation with 3 M TRAP for 2 min induces RhoA-GTP accumulation and ToxB disrupts this process. Aliquots of lysate were subjected to Rhotekin (TRBD)-RhoA-GTP pull-down assays as described in METHODS, and Western blots (WB) were done using anti-RhoA antibody. The data are representative of two separate experiments. D: suspended 1321N1 cells were loaded with fura 2-AM and treated with 3 M TRAP to determine that ToxB-loading had no observable effect on elevations in cytosolic [Ca 2ϩ ]. The data are representative of two separate experiments. Fig. 2 . Rho-GTPase activity is correlated with thrombin induced ATP release. A: photographs were taken of serum-starved 1321N1 cells maintained treated for 3 h with 1:50 dilution of ToxB or treated for 6 h with 2 g/ml C3. B: G-LISA was performed as described in METHODS. Data represent means Ϯ SE of 3 independent experiments each performed in duplicate for control and C3 groups and two independent experiments each performed in duplicate for the ToxB groups. *P Ͻ 0.05 vs. thrombin-treated control. #P ϭ 0.06 vs. thrombin-treated control. C: 1321N1 cells were treated with 300 M ␤␥-meATP for 15 min. A sample of the reaction media was taken for a baseline [ATP] measurement (openr bars) and then cells were treated with 2 U/ml thrombin for 15 min before removing a second sample of the reaction media (solid bars). Extracellular ATP concentration was measured via an off-line luciferin/luciferase assay as described in METHODS. Data represent means Ϯ SE of 4 independent experiments each performed in triplicate. ***P Ͻ 0.001 vs. thrombin-treated control.
We tested whether this Rho-dependent component of regulated ATP release was related to the well-characterized roles of Rho on cytoskeletal dynamics. These latter actions of Rho are mediated in part by the downstream Rho-dependent kinases I/II (ROCK1/2) coupled to myosin light chain (MLC) phosphorylation. Previous studies have indicated that PAR1 activation of 1321N1 cells triggers rapid ROCK-dependent changes in cell shape and organization of the actin cytoskeleton (29, 36, 42, 56) . However, treatment of 1321N1 cells with 10 M of the Y-27632 ROCK inhibitor for 1 h before thrombin stimulation did not attenuate the rate or peak magnitude of ATP release (Fig. 3A) . Likewise, 1321N1 astrocytes treated with 1 M of the ML-7 MLC-kinase inhibitor exhibited no changes in their ATP release response to thrombin. These data indicate that thrombin-dependent ATP release does not involve an obligatory role for ROCK, MLCK, or major reorganization of actin stress-fibers. The efficacies of Y-27632 and ML-7 were confirmed by their ability to reduce the number of longitudinal stress fibers in 1321N1 cells stained with rhodamine-phalloidin (data not shown).
Role for Rho signaling in the ATP release triggered by LPA receptors but not muscarinic receptors. The role of Rho as a positive modulator of Ca 2ϩ -dependent ATP release was further analyzed by comparing the responses of 1321N1 cells to LPA versus carbachol. LPA acts on LPA 1 R, LPA 2 R, and LPA 3 R (formerly known as EDG-family receptors 2,4,7) (12), which are expressed in 1321N1 cells and, like PAR1, are able to both mobilize intracellular Ca 2ϩ and activate Rho. Carbachol activates M3R, the predominant muscarinic receptor in 1321N1 cells (4) . M3R couple to G q /phospholiase C (PLC) and mobilize intracellular Ca 2ϩ but do not activate G 12/13 /Rho signaling pathways (24) . Similar to PAR1 activation, lysophosphatidic acid receptor (LPAR) stimulation elicited a robust ATP release that was greater than threefold greater than that triggered by carbachol in either the on-line (Fig. 4, A and B) or off-line (Fig. 4, C and D) luciferase assays. The LPA-induced ATP release was markedly reduced by BAPTA, ToxB, or C3 toxin, whereas the carbachol-stimulated release was eliminated by BAPTA loading but not affected by the Rho-directed toxins. As noted previously, ToxB treatment modestly enhances the basal accumulation of extracellular ATP in the on-line luciferase assays but not the off-line assays (compare Figs. 4B and 5B). Thus the aggregate basal plus carbachol-induced extracellular ATP accumulation in ToxB-treated cells was actually greater than that in the control monolayers (Fig. 4B) . Again, this effect of ToxB was not recapitulated in the off-line ATP assays (Fig. 5B) .
ToxB and C3 treatment similarly attenuated ATP release in response to LPA (Fig. 5A ) but not carbachol (Fig. 5B) . We also confirmed that LPA, but not carbachol, recapitulates the ToxBsensitive stimulation of RhoA-GTP acccumulation elicited by PAR1 agonists (compare Figs. 5D and 1C) . In contrast, ToxB treatment did not attenuate the equivalent Ca 2ϩ mobilization responses to either LPA or carbachol (Fig. 5C) . The similar abilities of PAR1 and LPAR, but not M3R, to coordinately stimulate Ca 2ϩ mobilization, RhoGTP accumulation, and ro- A: on-line ATP measurements were made every 2 min after addition of 300 M ␤␥-meATP concurrent with 10 M LPA. *P Ͻ 0.05 vs. LPA-treated control. The differences between the control and the treated groups were significant (P Ͻ 0.05) from t ϭ 2-min through t ϭ 12-min time points. B: on-line ATP measurements were made every 2 min after addition of 300 M ␤␥-meATP concurrent with 100 M carbachol. *P Ͻ 0.05 vs. carbachol-treated control. The differences between the control and the BAPTA-treated groups was significant (P Ͻ 0.05) from the t ϭ 2-min through the t ϭ 12-min time points. The differences between the control and the ToxB-treated groups were significant (P Ͻ 0.05) at the t ϭ 10 min and t ϭ 12-min time points. Data for both panels represent means Ϯ SE of 3 independent experiments each performed in triplicate.
bust ATP release further supports the hypothesis that RhoGTPase activation acts as a strong positive modulator of Ca 2ϩ -dependent ATP release. Clostridial toxins and BAPTA-loading do not affect 1321N1 cell ecto-ATPase activity. Extracellular ATP concentrations reflect a balance between ATP release and ATP clearance by ectonucleotidases. Thus a decrease in GPCR-induced extracellular ATP accumulation could reflect an increased rate of ATP clearance rather than, or in addition to, a reduced rate of ATP export. Although MeATP was routinely included to suppress ATP clearance, it was important to verify that treatment of 1321N1 cells with Rho-directed toxins or BAPTA-loading did not upregulate a MeATP-insensitive ecto-ATPase. Alternatively, the higher basal (preagonist) level of extracellular ATP observed in ToxB-treated cells assayed by the on-line luciferase protocol could be indicative of a reduced rate of ATP clearance. However, direct comparison of the ecto-ATPase activities in control, ToxB-, C3-, or BAPTA-treated cultures of 1321N1 cells challenged with identical 100 nM pulses of exogenous ATP revealed no differences in nucleotide clearance (Fig. 6, A and B) . Modest differences in the control rates of hydrolysis between Fig. 6, A and B , experiments likely reflect differences in passage number and/or cell density.
PAR1-stimulated ATP release is reduced by CBX and brefeldin-A but not GPN.
We tested the involvement of Golgiderived secretory vesicles, secretory lysosomes, or gap junction hemichannels as possible ATP release mechanisms by pretreating 1321N1 monolayers with brefeldin A (BFA, 5 g/ml ϫ 90 min), CBX (100 M ϫ 30 min), or GPN (200 M ϫ 15 min) before stimulation with thrombin for 15 min (Fig. 7) . ATP release was reduced by 80% with CBX and by 50% with BFA but not suppressed in GPN-treated cells. Given its marked inhibitory actions, we further characterized the actions of CBX on PAR1-stimulated signaling, ATP release, and possible hemichannel activity. CBX caused a concentration-dependent inhibition of thrombin-induced ATP release from 1321N1 cells with ϳ35% and 80% inhibition by 10 and 100 M CBX, respectively (Fig. 8A) . Significantly, activation of PAR receptors with thrombin did not elicit ethidium bromide uptake, an indicator of nonselective pore activity (Fig.  8B) . Permeabilization with digitonin verified that maximal ethidium-dependent fluorescence increases were equivalent in all assays. Despite its marked suppression of ATP release, CBX did not affect either the Rho-GTP activation (Fig. 8C) or the Ca 2ϩ mobilization signals that mediate thrombin-stimulated ATP release (Fig. 8D) .
DISCUSSION
We used 1321N1 astrocytoma cells as a model system to investigate ATP release in response to GPCR activation. The principal finding is that activation of Rho signaling markedly potentiates Ca 2ϩ -dependent ATP release in these cells. This extends and clarifies our previous observation that PAR1 activation in 1321N1 cells leads to greater release of ATP than is induced by M3R activation even though stimulation of either receptor leads to equivalent Ca 2ϩ mobilization. However, other findings dissociated this effect of Rho activation on ATP release from its known actions on ROCK effector enzymes, actin cytoskeleton dynamics, or cell shape change. We addi- tionally identified LPA as an efficacious ATP secretagogue in 1321N1 astrocytes. LPAR activation, similar to PAR1 activation, triggered both Ca 2ϩ mobilization and Rho activation, thus inducing greater ATP release than that was observed with M3R activation. Finally, ATP release in response to thrombin was markedly repressed by the gap junction inhibitor CBX and by BFA, which disrupts the Golgi-derived exocytotic secretory pathway.
Signaling mechanisms that regulate ATP release. Our observations suggest that the efficacy of a particular GPCR in inducing ATP release from nonexcitable cells will be limited by its capacity to coordinately couple to both PLC3 Ca 2ϩ mobilization and RhoGEF3 Rho activation pathways. Although this will generally involve coupling to parallel G q 3 PLC␤3 and G 12/13 3 RhoGEF cascades, G q has been implicated as an upstream inducer of Rho activation in some cell types, and G 12/13 may regulate Ca 2ϩ mobilization via Rhodependent PLCε activation in other cellular contexts (30, 54, 55) . Additionally, lymphoid blast crisis (lbc) Rho-GEF activity can augment Gq signaling via interactions independent of accumulated active RhoA (53) . Thus cellular responses, such as ATP release, which require G q 3 PLC3 Ca 2ϩ mobilization as necessary signals may be modulated by Rho signaling via multiple networks. Although PAR1 activation triggers markedly less inositol phosphate accumulation than M3R stimulation in 1321N1 astocytes, both receptors couple to PLC in these cells via pertussis toxin-insensitive and presumably G qmediated pathways (36, 38, 39) . In contrast, LPAR has been reported to elicit inositol lipid turnover in 1321N1 cells via a PTX-sensitive pathway likely involving G i ␤␥ regulation of other PLC isoforms (27) . Moreover, Citro et al. (13) have recently reported that inositol phosphate generation in response to thrombin, but not LPA or carbachol, depends on primary Rho activation in cultures of primary rat astrocytes. Despite these differences in GPCR-induced inositol phosphate generation pathways in various astrocyte models, we observed no differences in maximal Ca 2ϩ mobilization in response to thrombin, LPA, or carbachol in our 1321N1 model (Fig. 1D,  4C ). In contrast, activation of PAR1 and LPAR, but not M3R, triggered robust accumulation of active Rho in these astrocytes. Similar divergent effects of PAR1 versus M3R on Rho activation, as well as Rho-dependent rounding of 1321N1 cells, have been previously described (56) .
C3 toxin selectively inactivates RhoA, RhoB, and RhoC, whereas ToxB nonselectively inactivates all Rho-family GTPases (61). Because both C3 toxin and ToxB inhibited GPCRactivated ATP release from 1321N1 cells to a similar extent (Figs. 2C, 5, A and B) , RhoA is the most likely Rho-family GTPase to potentiate Ca 2ϩ -dependent ATP release. Rho activation and regulated ATP release have been linked in previous studies using other model systems. Inactivation of Rho with C3 toxin attenuates the ATP release stimulated by hypotonic stress in bovine aortic endothelial cells (37) . Moreover, Hirakawa et al. (28) noted that treatment of human endothelial cells (HUVEC) with LPA elicited cotemporal RhoA activation, Ca 2ϩ mobilization, and rapid ATP release similar to our observations with human astrocytes (Figs. 4A and 5, C and D) . However, an important difference between these studies was that GPCR-induced ATP release from HUVEC was completely suppressed by the ROCK inhibitor Y-27632, whereas we observed no effect of Y-27632 on PAR1-triggered ATP release from 1321N1 cells (Fig. 3) . Several factors may underlie this divergent effect of ROCK inhibition of ATP release in these two cell types. Interestingly, hypotonic stress-induced Ca 2ϩ mobilization in these HUVEC was also inhibited by Y-27632, whereas LPA-induced Ca 2ϩ transients were suppressed by suramin, a nonselective P2Y receptor antagonist. Attenuation of regulated ATP release by Y-27632 in these endothelial cells may reflect, in part, autocrine activation of P2 receptors with consequent ATP-induced ATP release. 1321N1 astrocytes are notable because they lack endogenous P2 receptor expression (45) . Signaling reactions that affect accumulation of extracellular ATP release in these cells are not complicated by ATPinduced ATP release.
Previous studies have demonstrated that inhibition of either Rho-kinases by Y-27632 or myosin light chain kinase by ML-7 will suppress thrombin-stimulated rounding of 1321N1 cells, as well as remodeling of actin stress fibers (29, 35, 53) . The inability of Y-27632 or ML-7 to attenuate ATP release (Fig. 3) dissociates the well-characterized actions of thrombin on actin cytoskeletal reorganization from its effects on ATP release in 1321N1 cells. Moreover, neither LPA, a potent ATP secretagogue, nor carbachol, a weak ATP secretagogue, mimic the ability of thombin to induce 1321N1 cell rounding (56) . This suggests that the cytoskeletal reorganization that underlies cell rounding involves a network of GPCR signals distinct from those that elicit ATP release.
Because and Rho signaling that might be involved in GPCR-regulated ATP release. For example, Rho-sensitive phosphatidylinositol-4-phosphate 5-kinase (PI-4-P5K) is required to prime exocytotic vesicles of the Ca 2ϩ regulated secretory pathway (26) . Other studies have indicated a role for Rho signaling in the regulation of LPA-and GTP␥S-stimulated glucose transport that involves rapid translocation of GLUT4 transporters in intracellular membrane pools to the surface membrane. This regulated mobilization of GLUT4 transporters can be inhibited by C3 toxin or expression of dominant-negative PKN (protein kinase N), a RhoA-regulated serine-threonine kinase (59) .
ATP release mechanisms. Regardless of the GPCR-dependent signals that induce ATP release from 1321N1 cells and other astrocyte models, the actual mechanism(s) by which intracellular ATP is transferred to the extracellular compartment remains poorly understood. Some studies have indicated that exocytosis of ATP within secretory vesicles or atypical organelles is the predominant route for ATP release from astrocytes. For example, Zhang et al. (63) recently reported that stimulation of primary rat astrocytes with ionomycin, glutamate receptor agonists, or metabolic inhibitors triggered an ATP release that involved exocytosis of secretory lysosomes containing compartmentalized ATP. In that system, ␤␥-MeATP (300 M) was added 12 min before thrombin (2 U/ml). On-line ATP measurements were made every 2 min as described in METHODS via an on-line luciferin-luciferase assay as described in METHODS. **P Ͻ 0.01 vs. thrombin-treated control. The differences between the control and the CBX (100 M)-treated groups were significant (P Ͻ 0.05) from the t ϭ 4-min through the t ϭ 12-min time points. Data represent means Ϯ SE of 3 independent experiments each performed in triplicate. B: suspended 1321N1 cells were incubated in basal saline solution (BSS) supplemented with ethidium bromide (20 M) as described in METHODS before the addition of thrombin (2 U/ml). Experiments were terminated by the addition of digitonin to permeabilize cells. The data are representative of two separate experiments. C: G-LISA was performed as described in METHODS. Data represent one independent experiment in duplicate. D: suspended 1321N1 cells were loaded with fura 2-AM as described in METHODS. 100 M CBX was added 30 min before thrombin (2 U/ml) addition. The data are representative of two separate experiments. stimulated ATP export was abolished by GPN, an agent that permeabilizes lysosomes. However, we found that thrombinstimulated ATP release was not suppressed in GPN-treated 1321N1 cells (Fig. 7A) . This is consistent with other reports indicating that ATP release from astrocytes is better correlated with the Ca 2ϩ -dependent exocytosis of nonlysosomal vesicles (44, 50) . Haydon and colleagues (46) used an inducible transgenic mouse model selectively expressing dominant-negative SNARE protein within astrocytes to demonstrate the requirement of an exocytotic pathway for ATP release and subsequent extracellular adenosine accumulation that mediates activitydependent heterosynaptic depression. Similarly, in mixed astrocyte/neuron cocultures, astrocyte Ca 2ϩ wave propagation, which depends on paracrine activation of P2 receptors by released ATP, was found to be sensitive to BAPTA and bafilomycin but not to gap junction hemichannel inhibitors (10, 14) .
Of particular relevance to our studies, Kreda et al. (36) recently described the GPCR-regulated release of UDP-glucose, a nucleotide-sugar that is the selective agonist of P2Y14 receptors, from 1321N1 astrocytes (11) . Those investigators observed that thrombin, but not carbachol, triggered a rapid export of UDP-glucose that was inhibited by BAPTA-loading but was insensitive to the Y-27632 ROCK inhibitor. They also noted that thrombin-stimulated UDP-glucose release was almost completely suppressed (Ͼ95%) by BFA, which inhibits the generation of the Golgi-derived transport vesicles used for constitutive export of new proteins and lipids to the cell surface. Because of its role as a substrate for protein glycosylation, UDP-glucose is accumulated within the Golgi and Golgi-derived vesicles. ATP is also compartmentalized within the Golgi for use by the ATP-dependent chaperone proteins that mediate protein folding. Similarly, we observed that BFA treatment (5 g/ml, 2 h) reduced PAR-1-activated ATP release (Fig. 7) but to a lesser extent (50% inhibition) than the UDP-glucose release. Taken together, our results and those of Kreda et al. indicate that ATP is likely costored and coreleased with UDP-glucose in mobilizable Golgi-derived vesicles.
The ability of BFA to completely suppress PAR1-activated UDP-glucose release while only partially attenuating ATP release from 1321N1 cells suggests that ATP is exported by an additional pathway(s) in this model. In this regard, multiple reports have described strong correlations between stimulated ATP release and the activation of gap junction hemichannels. For example, Ca 2ϩ -dependent ATP release from C6 glioma cells is markedly increased by connexin overexpression (15, 17, 58) . Multiple studies have used various pharmacological blockers of connexin-based gap junctions and nonjunctional hemichannels to probe the possible role of such channels in ATP export. CBX is one such widely used inhibitor of gap junction channels, hemichannels, and ATP release, Although CBX blocks gap junction channels and nonjunctional hemichannels formed by both pannexins and connexins, hemichannels formed by pannexins have been reported to be more sensitive to CBX blockade (6) . Pelegrin and Surprenant (47) recently reported that pannexin-1 is endogenously expressed in 1321N1 astrocytes and that CBX-sensitive hemichannel activity (as assayed by fluorescent dye fluxes) can be stimulated by extracellular ATP in 1321N1 cells engineered to express heterologous P2X7 receptors. Although CBX markedly inhibited PAR1-stimulated ATP release from 1321N1 cells (Figs. 7 and 8A ), we were unable to correlate these effects with any pannexin-like hemichannel activity as detected by thrombin-stimulated or CBX-inhibited ethidium bromide uptake (Fig. 8B) . This does not unequivocally exclude the possibility that hemichannels mediate ATP efflux because the difference in charge between ethidium (ϩ1) and ATP (Ϫ4) or MgATP (Ϫ2) could impact movement via such channels. Another possibility is that the pore-forming ability of hemichannels is not required for ATP release but rather that pannexin or connexin proteins modulate release by other mechanisms (48) . CBX is also known to affect voltage-gated Ca 2ϩ channels and membrane potential via gap junction channelindependent mechanisms (52, 60) . Similarly, CBX may exert connexin/pannexin-independent actions on the signal transduction pathways or membrane dynamics that regulate nonconductive, exocytotic ATP release pathways. However, we did verify that CBX treatment did not attenuate PAR1-stimulated Ca 2ϩ mobilization or Rho activation in 1321N1 astrocytes. (Fig. 8, C and D) .
In summary, our studies indicate that the coordinate induction of Ca 2ϩ -and Rho-GTPase signals are required for maximal ATP release from astrocytes and that this ATP export reflects in part the mobilization of Golgi-derived transport vesicles. However, defining the mechanisms that underlie the brefeldin-insensitive and CBX-sensitive components of ATP release remains a challenging area of investigation.
